Stomatal apertures and methanol-, water-, and hydrochloric acid-soluble carbohydrates and malate were measured in the epidermis, mesophyll, and midvein of leaves of C. cyanea R. Br. and V. [aba L. over a period of 26 hr in one experiment and over 9 hr during the photoperiod in a second experiment.
I. INTRODUCTION
Stomatal movement is associated with changes in guard-cell water potential and potassium content within the ranges o· 3-1 ·5 bars per micrometre of aperture and O· 1-0·3 pmoles per micrometre of aperture, depending on cell age, species, and technique (e.g. Fujino 1967; Sawhney and Zelitch 1969; Fischer 1971; Humble and Raschke 1971; Allaway 1973 ; see also reviews by Heath 1959; Meidner and Mansfield 1965; Milthorpe 1969 ).
These observations have been quantitatively explained by an influx of potassium into, and efflux from, guard cells during opening and closing in Vicia faba and Zea mays (Fischer and Hsiao 1968; Fischer 1971; Humble and Raschke 1971; Raschke and Fellows 1971) . However, the mechanism underlying this flux remains unexplained as do the apparent daily changes in guard-cell starch (Heath 1949) and sugars (Yemm and Willis 1954b) . Little is known of the degree of independence of guard cells from the underlying mesophyll, nor of the identity or source of anions which are pre-sumed to balance the potassium entering or leaving guard cells: for example, long-term changes in malate, the most likely anion (Pallaghy 1970) , have never been studied. This paper reports two experiments exploring the daily changes of carbon flow to a number of major metabolites, including malate, within the epidermis, mesophyll, and midvein of Commelina cyanea R. Br. and V.faba L. The first experiment followed changes throughout one complete day-night cycle whereas the second experiment, designed to substantiate the diurnal trends, sampled leaves throughout the photoperiod on two days.
II. MATERIALS AND METHODS

(a) Environment and Plant Growth
C. cyanea and V. faba were grown in an air-conditioned glasshouse at temperatures of 28± 1· 5°C for 10 hr and 18± 1°C for 14 hr daily. Sunlight was supplemented with 18' 5 nE em-' S-l [1 nE (nanoEinstein) is equivalent to 6 x 1014 photons] from 4OO-W mercury-vapor lamps for 4 hr at each end of the day to produce a standard photoperiod of 16 hr. The total photon flux density (400-700 nm) was 3 ·0-4·2 mE cm-" day-1 during growth and 3 . 2-3 . 5 mE cm-' day-Ion the sampling days.
The plants were grown in pots 12·5 em in diameter filled with John Innes No.1 potting compost. There were four C. cyanea cuttings or two V. faba seedlings per pot. All plants were watered once each day and fertilized once each week with 0 '15,0' 03, and O' 03 g nitrogen, phosphorus, and potassium respectively per pot.
The C. cyanea cuttings were grown for 40 days, cut to 5 em, and regrown for 15-20 days, whereas the V. faba seedlings were grown for 25 days prior to sampling. Expanded C. cyanea leaves and V. faba leaflets (having areas greater than 2 and 5 cm" respectively) were produced at rates of one per plant every two days.
(b) Sampling and Analysis
In the first ("26-hr") experiment, 10 C. cyanea leaves and six V. faba leaflets, sampled from the two or three youngest expanded leaves on each stem, were harvested at hourly intervals for 26 hr from 0900 hr. In the second ("9-hr") experiment leaves were sampled over 9 hr during the photoperiod from 1000 hr on two days one week apart. In both experiments the leaves were dissected into three fractions: lower epidermal strips ("epidermis"), leaf lamina without lower epidermis and midvein ("mesophyll"), and 1-2-mm-wide midvein strips ("vein"). Epidermal tissue contaminated by mesophyll was discarded during sampling. The dissections, which took 1·0-1· 5 min from the time each leaf was cut until the fractions were immersed in liquid nitrogen, were carried out in daylight during the photoperiod and at 0·04 nE cm-' S-l during the dark period. Stomatal apertures were determined at each sampling time from 30 observations at x 400 magnification on lower epidermal strips from two leaves, one mounted in iodine dissolved in phenol (Heath 1947) and one in paraffin.
The frozen leaf fractions were vacuum-dried at -60°C for at least 8 hr, and as there were appreciable differences in the weight to area ratios and cross-sectional dimensions of the fractions (Table 1) , these were sub-sampled to achieve epidermis, mesophyll, and vein dry weights of about 5, 25, and 13 mg respectively. The tissues were then successively extracted in 80% methanol (2 x, 2 min at 90-95°C), water (12 hr shaking at 20°C), and 3% HCI (30 min at 90-95°C). Insoluble materials were pulled to the tops of the tubes and drained for 30 min then transferred to the next solvent after each extraction; all samples were stored at 0-4°C between extractions.
Methanol-soluble extracts were washed with 90% methanol through o· 5-1·0 ml Dowex I-formate l00-2oo-mesh exchange resin. The neutral effluents were dried, made up with 80% methanol to 1 ml, and the carbohydrate content ("sugars") was determined colorimetrica1ly in triplicate by each of the phenol-sulphuric acid and anthrone methods (Whistler and Wolfrom 1962) . Additionally, triplicate determinations of epidermal sucrose were made with anthrone after alkaline hydrolysis (Handel 1968) . Acidic compounds were eluted from the anion-exchange resin with 5 ml ION formic acid, dried, and re-dissolved in 1 m192% H.S04 ; malic acid was determined after reaction with . .a-naphthol (Snell and Snell 1965) by observing product fluorescence at 365 nm excitation and 420 nm emission.
The water-soluble extracts, which yield 90-95% fructose after hydrolysis (Archbold 1938; Wylam 1954) , were made up with water to 2 ml. Carbohydrates ("fructosans") were estimated colorimetrically in duplicate after reaction with phenol-sulphuric acid.
Acid-soluble extracts were dried, re-dissolved in 2 ml 3% HC1, and the carbohydrate content ("polysaccharides") measured in triplicate using phenol-sulphuric acid, TABLE 1
RATIOS OF WEIGHT TO LEAF AREA AND CROSS-SECTIONAL DIMENSIONS OF LOWER EPIDERMIS ("EPIDERMIS") AND LAMINA WITHOUT LOWER EPIDERMIS AND MIDVEIN ("MESOPHYLL")
Values given are means ± standard error; n = minimum number . of observations in each mean
Sample aliquots were adjusted after preliminary assays so that they contained 10-60 ,."g, a range over which standard curves we);e linear, and read against reagent blanks. Recoveries of internal standards after each extraction were 88 ± 2% (mean ± standard error). The mean coefficients of variability between replications within any particular plant analysis were 6-10%.
Mean concentrations for each hourly sample are presented since there were no differences (P :s:; 0·05) between overlapping samples taken from 0900 to 1000 hr on two successive days during the 26-hr experiment, nor between replications of the 9-hr experiment.
III. RESULTS
Stomata commenced to open in the 26-hr experiment 3 hr prior to and O· 5 hr after the start of the photoperiod in C. cyanea and V. faba respectively. Apertures increased to maxima of 25 and 11 fLm in C. cyanea and V. faba at about 1200 hr and then decreased; stomata were completely closed in the first samples taken during the dark period (see Figs. 1 and 2 , in which the time scale commences from the time of the last sample with completely closed stomata). The changes in aperture were reasonably smooth in both experiments and did not appear to be influenced by fluctuations in photon flux density or by changes in temperature.
There were daily trends in the concentrations of sugars, sucrose, malate, and polysaccharides over a range of ± 25 to ± 75 % of the mean (Figs. I and 2). There were no measurable changes in fructosan. The changes occurring within mesophyll were the same as in vein for all metabolites except in C. cyanea, where malate was lower and polysaccharides higher within mesophyll than in vein; in these tissues the concentrations of all substances increased linearly with increasing aperture as the photon flux density rose in the morning and decreased during the last 3 hr of the photoperiod, when photon flux was low, and during the dark period (Figs. I and 2).
These patterns substantiate in greater detail those found in numerous studies with whole leaves (e.g. Miller 1924; Mason and Maskell 1928; Watson 1936; Curtis 1944; Sideris et at. 1948; Eagles 1967; Holt and Hilst 1969; Lechtenberg et at. 1971; Austin 1972 ) whilst they contrast with the failure of some workers (e.g. Allen et at.
1961) to find daily patterns in organic acid fluctuations. The daily changes observed in mesophyll and vein in the present experiment were correlated with aperture (0·3 < r2 < 0·8) but not with time from stomatal opening (r 2 < 0·4).
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, The changes within epidermis differed (P ~ 0·05) from those taking place in mesophyll and vein, the epidermal fluctuations being usually smaller and less consistent than those in the other tissues. Moreover, the daily changes in most epidermal metabolites were not closely related to aperture.
Epidermal sugars, to which sucrose contributed a constant proportion of O' 5 by weight, increased at about 1 and 4/Lg mg-1 hr-1 in C. cyanea and V. faba respectively during the 12 hr of the opening phase, increases which were comparable to that of 2 /Lg mg-1 hr-1 found in Chrysanthemum maximum by Yemm and Willis (1954a) . t r2 is the proportion of the total sum of squares attributable to regression; two and three asterisks indicate significance at the 0·95 and 0'99 levels of probability respectively.
These relationships appeared to have some general applicability because they also adequately (P ~ O· OS) described the correlations between A and S during the 9-hr experiments and in C. cyanea grown under constant irradiance in chambers at a 12-hr photoperiod, 1· 3 mE cm-2 day-I, and 2SoC. However, the associations were poor (cf. Fig. 3 , and values of r2) largely because in C. cyanea sugars continued to accumulate as stomata began to close and in V. faba the levels varied little over the range of aperture from 0 to 8 fLm.
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Ca) (b) .1\0.. There were reasonably close associations between aperture and epidermal malate in V. faba in the 26-hr experiment and in both species in the 9-hr experiment. In the latter experiment the relationships between aperture (A, fLm) and epidermal malate (M, fLg mg-I ) (Fig. 3) were:
The relationship between aperture and malate was less obvious in C. cyanea in the 26-hr experiment since during the I hr when stomata began to open malate rose only O'S fLg mg-I and when apertures were> 10 fLm from 0900 to 1200 hr malate values were inexplicably low. (There is some doubt about the validity of these low values as they have never been found in later experiments.) However, the correlation between aperture and malate found in C. cyanea during the photoperiod in the 9-hr experiment has subsequently been confirmed in short-term studies in which the proportion of aperture variability accounted for by malate changes was the same as that found in V. faba (r 2 values of 0·67-0·80). Further, in both the 26-hr and 9-hr experiments, the minimum and maximum malate concentrations showed about the same proportionality to aperture. In the 26-hr experiment, malate concentrations were 3·2-3·6 fLgmg-1 in C. cyanea and 0·6-1·4 fLgmg-1 in V.faba whilst stomata were closed and 6·0 and 7· S fLg mg-I in the two species at near-maximum apertures of 17· Sand 10 fLm respectively, whereas in the 9-hr experiment malate rose from 3·4 and 4·5 p.g mg-l at apertures of 6 . 0 and 3·8 p.m in C. cyanea and V. faba respectively to 5·7 and 7·7 p.g mg-l at apertures of 22 and 11 p.m. There was also some evidence from the 26-hr experiment that the rises and falls of malate during early opening and final closure were related to opposite changes in sugars: malate rose by 0·5 and 2·5 p.g mg-l and sugars fell by 5 and 20 p.g mg-l in C. 'cyanea and V. faba respectively during the 1 hr when the stomata began to open, and malate fell by 0·9 and 5 p.g mg-l and sugars rose by 3·6 and 15 p.g mg-l during the last hour of closure. As a consequence of the non-parallel fluctuations in epidermal malate and sugars, in neither the 26-hr experiment nor the 9-4r experiment were the correlations between aperture and sugars plus malate (which were the principal organic osmotic constituents) as close as were the correlations between aperture and sugars or aperture and . malate alone. Epidermal polysaccharides were independent of aperture (r 2 < 0·05), concentrations being highest 1 hr prior to the commencement and at the end of the photoperiod (Figs. 1 and 2 ), in agreement with a number of other reports (cf. Heath 1949) .
During the opening phase (from when stomata had commenced to open until they reached maximum aperture) in the 26-hr experiment the accumulation of epidermal sugars plus malate (SM, p.g mg-l ) and mesophyll sugars plus malate (MSM, p.g mg-l ) with time (t, hr) were described by:
(r 2 = 0·94***) (r 2 = 0·74***) (r 2 = 0·97***)
These regressions indicate that the rate of accumulation of soluble metabolites within the epidermis was about half that within the mesophyll. Such a finding can also be obtained from the sugars data of Yemm and Willis (1954b) for the opening phase in Chrysanthemum maximum. In Commelina cyanea, assuming that all changes occurred in the guard cells where the vast majority of epidermal chloroplasts and mitochondria reside, the epidermal change was equivalent to 13 p.g per cubic millimetre of guard cells per hour, since open guard cells had volumes of about 4 x 10 3 p.m 3 and densities of 80 guard cells pe,r square millimetre of epidermis. In V. faba the change of 3·6 p.g mg-l he l was equivalent to 35 p.g per cubic millimetre of guard cells per hour or 0·33 p.g per cubic millimetre of the epidermis per hour, given densities of 120 guard cells per square millimetre of epidermis. By contrast, the accumulation within the mesophyll in the two species was 0·70 and 0·68 p.g per cubic millimetre of chlorophyllous mesophyll per hour assuming 20 % of the mesophyll to be sclerenchyma and air space. It thus appeared that during stomatal opening the organic osmotic constituents within guard cells changed at least half as rapidly as they did within the mesophyll, although no estimate was made of translocation out of the leaf. The rise in epidermal sugars and malate during opening was accompanied by a decline in polysaccharides and no net increase in total epidermal metabolites, whereas there were increases of about 10 p.g mg-l hr-l total mesophyll metabolites in both species. This, together with the apparent interchange between malate and sugars during initial opening and final closure, emphasized the ability of the epidermal system to interchange carbon between various metabolic pools; it also suggested that formation of polysaccharides from current photosynthate occurred to a smaller extent in the epidermis than in the mesophyll. These peculiarities and the lack of coincidence in the patterns of changes within the epidermis to those in the mesophyll provide presumptive evidence that the two tissues were more or less isolated, i.e. that there was little transport between them.
IV. DISCUSSION The finding that most metabolites follow different daily courses within the epidermis than in the mesophyll suggests that transfer between these two tissues is restricted. It is also rather remarkable that there is only a small daily fluctuation in the sum of the compounds in the epidermis, suggesting either that photosynthesis in the epidermis does little more than balance respiration, or that the changes were in unmeasured components such as amino acids and dextrans, or the contents are regulated by leakage to the mesophyll in a manner which does not reflect differences in concentration.
The significant associations between aperture and epidermal malate found in the present experiments, although not pronounced in the 26-hr experiment with C. cyanea, suggest that changes in this anion are probably associated with stomatal movement. Metabolites other than malate contribute less, individually or all together, to the changes in aperture. The finding of an association between aperture and epidermal malate also conforms with suggestions that there is little transfer of metabolites between guard and other epidermal cells. Studies of ultrastructure of mature leaves indicate that most epidermal chloroplasts are within the guard cells (Milthorpe 1969; Allaway and Setterfield 1972) . Many, but not all, published electronmicrographs show no plasmodesmata between guard and neighbouring cells (Milthorpe 1969) ; whether plasmodesmata facilitate exchange between cells is also controversial.
The differences between minimum and maximum epidermal malate concentrations found in the 26-hr experiment when stomata were completely closed or widest open were about 2· 6 and 6· 1 t-tg mg-1 in C. cyanea and V. faba respectively. These changes were equivalent to 0·8 and 2·0 pmoles per guard cell if it is assumed that all the epidermal malate was located within guard cells or that malate concentrations remained constant within other epidermal cells. Such changes would be sufficient to counterbalance influxes and effluxes of 1 . 6 and 3·9 pmoles of potassium per guard cell. These data compare with malate differences, determined independently using dissimilar techniques, of 0·6-0·7 pmoles per guard cell between closed and open stomata in V. faba (Allaway 1973) . The present values agree with potassium changes of 1· 5-2·5 pmoles per guard cell in V. faba (Fischer 1971; Humble and Raschke 1971; Allaway 1973) , and suggest that malate could throughout the day balance changes in potassium ions involved in stomatal movement. It is prudent to add that present techniques and the correlations presented in this paper cannot establish causality between aperture and epidermal malate (nor indeed, potassium). However, the presumptive evidence that the epidermis is organically independent and the documentation of the daily changes in aperture and epidermal metabolites, especially malate, provide a background in which more localized experiments can be made and interpreted.
